1. Introduction {#s0005}
===============

It has been established that the rate of monovalent reduction of O~2~ is increased inside the cells under a variety of conditions, leading to elevated steady state concentration of reactive oxygen species (ROS), the most important of which is H~2~O~2~. Thus, complex mechanisms have been evolved to sense changes of intracellular H~2~O~2~ and cells respond according to the intensity and duration of stress [@bib1]. We have recently shown that the intracellular labile iron level represents a key determinant to cell response in conditions of oxidative stress by regulating redox signaling through MAP kinases [@bib2], [@bib3]. Interestingly, a plethora of natural products can penetrate through biological membranes and by modulating intracellular labile iron level to determine cell fate in conditions of elevated oxidative stress [@bib3], [@bib4], [@bib5]. Based on these observations, our scientific interest has focused on evaluating the capacity of iron-chelating natural products, contained in human diet, to penetrate through biological membranes and act inside the cells.

Humans take up daily large amounts of natural phenolics, which are contained in plant-derived foods. It has been proposed that the consumption of phenolic compounds contributes to the maintenance of human health by exerting anti-tumor, anti-inflammatory, anti-viral and antioxidant properties [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12]. However, the real biochemical basis for these effects remains poorly understood and the accumulated experimental data are highly controversial [@bib6], [@bib13], [@bib14], [@bib15]. The prevailing hypothesis suggests that phenolic compounds act mainly as "antioxidants" or "free radical scavengers". However, this proposal lacks direct experimental support, as large prospective studies using classical antioxidant compounds were negative [@bib16], [@bib17], [@bib18], [@bib19], [@bib20].

Rosmarinic acid (RosA, O-caffeoyl-3,4-dihydroxyphenyl lactic acid) is a naturally occurring polyphenolic compound, which is abundantly distributed in herbs, such as rosemary, sweet basil and perilla [@bib21]. It possesses two ortho-dihydroxyl (catecholic) groups and one carboxylic group in its core. It has to be stressed, however, that the presence of the negative charge in the carboxylic group limits the capacity of RosA to penetrate through cell membranes and strongly prevents its intracellular action. Despite this limitation, RosA has been reported to influence the activities of intracellular enzymes, such as lipoxygenases, cycloxygenases and prolyl hydroxylases [@bib22], [@bib23], [@bib24], [@bib25] and transcriptional factors, such as NF-kB and STAT3 [@bib26], [@bib27], [@bib28], all of which are involved in the process of inflammation.

Interestingly, there are many cases where ester derivatives of phenolic acids appeared to be more effective than their parent compounds [@bib5], [@bib7], [@bib8], [@bib9], [@bib10], [@bib28], [@bib29]. We hypothesized that chemical capping of the negative charge of the caboxilic group in RosA through ester- or amide-derivatives should improve its bioactivity profile by enhancing its cell permeability potential. Thus, the aim of the present study was to explore the influence of esterification or amidation of the carboxylic group of RosA on its ability to protect cultured cells against H~2~O~2~-induced DNA damage and apoptosis and to examine the potential underlining mechanisms.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

RPMI-1640 growth medium supplemented with [L]{.smallcaps}-glutamine and glucose oxidase (from Aspergillus niger, 18,000 units/g) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine calf serum (FBS), Nunc tissue culture plastics, low melting-point agarose and penicillin/streptomycin antibiotics were obtained from Gibco GRL (Grand Island, NY, USA). Microscope superfrosted glass-slides were supplied by Menzel-Glaset (Menzel, Germany). Calcein-AM was from Molecular Probes (Eugene, OR, USA). Formic acid (LC-MS grade, 98%) was obtained from Fluka. Regenerated cellulose membrane filters with 0.2 µm pore size and 4 mm diameter were purchased from Phenomenex. A Kinetex C18 column 100 mm × 2.1 mm, 2.6 µm column was purchased from Phenomenex, USA. The specific iron chelator SIH (salicylaldehyde isonicotinoyl hydrazone) was a kind donation from Professor Prem Ponka (McGill University, Montreal, QC, Canada). All other chemicals used were of analytical grade.

2.2. Cell cultures {#s0020}
------------------

Jurkat cells (ATCC, clone Ε6-1) were grown in RPMI-1640 containing 10% heat-inactivated FBS, 2 mM glutamine, 100 U/ml penicillin and 100 ng/ml streptomycin, at 37 °C in 95% air and 5% CO~2~. Jurkat cells in the log phase were harvested by centrifugation (250 *g*, 10 min), resuspended at a density of 1.5 × 10^6^ cells per ml and allowed to stay for 1 h under standard culturing conditions before treatments.

2.3. Measurement of H~2~O~2~ generation {#s0025}
---------------------------------------

The amount of H~2~O~2~ generated by the enzyme "glucose oxidase" (G.O.) in PBS containing 5.0 mM glucose (in the absence of cells) was estimated either by measuring the increased absorbance at 240 nm (molar absorption coefficient 43.6 M^−1^ cm^−1^) or by polarographic detection of liberated O~2~ with an oxygen electrode (Hansatech Instruments, King\'s Lynn, Norfolk, UK). The accumulated H~2~O~2~ was estimated by addition of excess catalase. Addition of RosA to the reaction mixture at concentrations comparable to those used in the experiments did not affect the rate of H~2~O~2~ production by glucose oxidase (data not shown).

2.4. Synthesis of RosA-ester and -amide derivatives {#s0030}
---------------------------------------------------

The chemical synthesis of RosA-ester (RosA-propyl ester and RosA-phenethyl ester) and RosA-amide (RosA-propyl amide and RosA-phenethyl amide) derivatives was made according to the steps illustrated in [Fig. 1](#f0005){ref-type="fig"}**A**. Detailed description of the synthetic methodology as well as the characterization of the compounds is presented as "[Supplementary material](#s0090){ref-type="sec"}".Fig. 1(A) General scheme depicting the chemical synthesis of RosA-ester (i) and RosA-amide (ii) derivatives used in this work. (B) The chemical structures of synthesized compounds.Fig. 1

2.5. Evaluation of the protection offered against H~2~O~2~-induced DNA damage {#s0035}
-----------------------------------------------------------------------------

Cells were treated with each compound for the time periods indicated under otherwise standard culture conditions, and then exposed for 10 min to continuously generated H~2~O~2~ formed by the action of the enzyme "glucose oxidase" which was added directly to growth medium. The amount of the enzyme added was estimated to generate approximately 10 μM of H~2~O~2~ per min. Cells were then collected and analyzed for formation of single strand breaks in their DNA by comet assay.

The alkaline comet assay was performed essentially as described previously by Singh et al. [@bib30] with minor modifications [@bib31]. In brief, cells were suspended in 1% (w/v) low-melting-point agarose in PBS, pH 7.4, and pipetted onto superfrosted glass microscope slides, precoated with a layer of 1% (w/v) normal melting-point agarose (warmed to 37 °C prior to use). The agarose was allowed to set at 4 °C for 10 min, and the slides were then immersed for 1 h at 4 °C in a lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10, 1% Triton X-100) in order to dissolve cellular proteins and lipids. Slides were placed in single rows in a 30 cm-wide horizontal electrophoresis tank containing 0.3 M NaOH and 1 mM EDTA, pH \~ 13 (unwinding solution) and kept at 4 °C for 40 min in order to allow DNA strand separation (alkaline unwinding). Electrophoresis was performed for 30 min in the unwinding solution at 30 V (1 V/cm) and 300 mA. Finally, the slides were washed for 3 × 5 min in 0.4 M Tris (pH 7.5, 4 °C) and stained with Hoechst 33342 (10 mg/ml).

Hoechst-stained nucleoids were examined under a UV-microscope with a 490 nm excitation filter at a magnification of ×400. DNA damage was not homogeneous, and visual scoring was based on the characterization of 100 randomly selected nucleoids, as previously described [@bib31]. In brief, the comet-like DNA formations were categorized into five classes (0, 1, 2, 3 and 4) representing an increasing extent of DNA damage visualized as a 'tail'. Each comet was assigned a value according to its class. Accordingly, the overall score for 100 comets ranged from 0 (100% of comets in class 0) to 400 (100% of comets in class 4). In this way the overall DNA damage of the cell population can be expressed in arbitrary units.

2.6. Evaluation of cell uptake by using UHPLC-MS/MS {#s0040}
---------------------------------------------------

Jurkat cells (3 × 10^6^ cells per well) were seeded into six-well plates and treated with 50 μM of each compound for the time periods indicated under otherwise standard culture conditions. At the indicated time points (5, 10, 20, 30 and 60 min), cells were collected, rinsed twice with PBS and lysed in an ice-cold solution of acetonitrile (ACN):dH~2~O (3:1 v/v). Then the samples were centrifuged and the liquid phase of supernatants was evaporated to dryness using speedvac SPD1010 (Thermoscientific, USA). Finally, the samples were reconstituted at ACN:dH~2~O (25%:75% v/v) solution and 2 μl of each sample were injected automatically by a PAL autosampler system (CTC Analytics AG, Switzerland) for LC-MS/MS analysis. To estimate the peak area at 100% cell uptake, analytes (50 μΜ) were added in lysed cells.

Liquid chromatography was performed using a Bruker Advance UHPLC system (Bruker, Germany). A Kinetex C18 column 100 mm × 2.1 mm, 2.6 µm column (Phenomenex, USA) was used as stationary phase and set to 40 °C. The mobile phase was composed of deionized water and ACN, both containing 0.1% formic acid. The following gradient profile, at a constant flow rate of 250 μl/min, was used: the initial phase concentration 5%, increased to 100% within 2 min, then kept constant for 2 min and reduced to 5% till the end of the run. The analysis run time was 5 min and the RT of RosA, RosA-propyl amide, RosA-phenethyl amide, RosA-propyl ester, RosA-phenethyl ester were 2.3, 2.38, 2.51, 2.58 and 2.69 min, respectively. The EVOQ Elite ER triple quadrupole mass spectrometer (Bruker Daltonics, Germany) was utilized for the detection of the five analytes. The mass spectrometer was operated on negative ionization electrospray mode (ESI-). The spray voltage (−) was set to 5000 V, the heated probe gas flow to 50 units, the heated probe temperature at 300 °C, the cone gas flow to 20 units, the cone temperature at 350 °C and the nebulizer gas flow to 50 units. Using MRM builder, a tool for multiple reaction monitoring (MRM), the optimal MRM transitions were selected for the quantitation of the analytes: RosA (*m/z* 359→161), RosA-propyl ester (*m/z* 401→179), RosA-propyl amide (*m/z* 400→178.9), RosA-phenethyl ester (*m/z* 463.1→179) and RosA-phenethyl amide (*m/z* 462→179). Total data were collected and processed using the MSWS 8.2 software provided by Bruker.

2.7. Evaluation of H~2~O~2~-induced apoptosis {#s0045}
---------------------------------------------

Jurkat cells were seeded into six-well plates at a density of 3 × 10^6^ cells per well (1.5 × 10^6^ cells/ml) and left for 1 h in the incubation chamber. The cells were then treated with the tested compounds at the indicated concentrations for 30 min and exposed to a bolus addition of 250 μΜ H~2~O~2~. After 7 h the cells were collected, centrifuged and cell pellets were suspended in calcium buffer 1× (10 mM Hepes, pH = 7.4, 140 mM NaCl, 2.5 mM CaCl~2~) at a rate of 10^5^ cells/100 μl. Cells were stained with 5 μl of Annexin V-Fluorescein isothiocynate (FITC) and 5 μl of 50 μg/ml of propidium iodide (PI). Each sample was incubated for 30 min in the dark at room temperature. FITC and PI fluorescence were then determined in a flow cytometer apparatus (Partec ML, Partec GmbH, Germany).

2.8. Estimation of intracellular labile iron {#s0050}
--------------------------------------------

Intracellular labile iron was assayed basically as described before by Epsztejn et al. [@bib32], with minor modifications [@bib33], [@bib34]. Briefly, after the indicated treatments, cells were washed and incubated with 0.15 μM calcein-AM for 15 min at 37 °C in PBS containing 1 mg/ml BSA and 20 mM Hepes, pH 7.3. After calcein loading, cells were washed, resuspended in 2.2 ml of the same buffer without calcein-AM, placed under stirring in a fluorescence spectrophotometer (F-2500; Hitachi) cuvette and fluorescence was monitored (excitation 488 nm; emission 517 nm). Calcein-loaded cells show a fluorescence component (Δ*F*) that is quenched after binding of intracellular iron. Thus, the quenching was minimized by the addition of 11 μM SIH, a highly specific and membrane-permeant iron chelator, and the increase in fluorescence was analogous to calcein chelated iron. Cell viability (assayed as Trypan Blue exclusion) was \> 95%, and was unchanged during the assay.

2.9. Preparation of protein extracts {#s0055}
------------------------------------

Total cellular protein extracts were prepared by lysing 3 × 10^6^ cells (1.5 × 10^6^ cells/ml) in lysis buffer (50 mM Tris-HCl, pH = 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS), 1× cocktail inhibitors of proteases and phosphate inhibitors (2 mM sodium orthovanadate, 20 mM β-glycerol phosphate and 10 mM NaF). The mixture was incubated for 30 min on ice and centrifuged at 14.000 × *g* for 30 min at 4 °C. Protein concentrations in supernatants were determined by the Bradford method, using bovine serum albumin as a standard. The samples were then stored until final analysis.

2.10. Western blotting {#s0060}
----------------------

For immunoblotting analysis, 30--50 μg of protein were loaded with Laemmli Buffer, boiled with DTT, separated by SDS-polyacrylamide gel electrophoresis, and transferred to nitrocellulose membranes by electroblotting. After blocking with 5% non-fat milk, membranes were incubated with specific antibodies against ferritin heavy chain, followed by horseradish peroxidase-conjugated secondary antibodies. Band quantifications were performed by QuantityOne (Bio-Rad Laboratories).

2.11. Statistical analysis {#s0065}
--------------------------

Results were expressed as the mean ± SEM. Significant differences (P ≤ 0.05) were determined by one-way analysis of variance (ANOVA) followed by Tukey\'s post hoc test for multiple comparisons between groups. Relationship between two variables was assessed by Spearman\'s rank correlation coefficient.

3. Results {#s0070}
==========

Propyl- and phenethyl-ester and -amide derivatives of RosA were synthesized, as described in Materials and Methods ([Fig. 1](#f0005){ref-type="fig"}**A**). The chemical structures of the synthesized compounds which were tested in this work are illustrated in [Fig. 1](#f0005){ref-type="fig"}**B**.

The degree of DNA protection offered by each derivative, when added to cells 20 min before the exposure to H~2~O~2~, was evaluated in Jurkat cells by using the comet assay methodology, as previously reported for other phenolic compounds [@bib4], [@bib5]. As shown in [Fig. 2](#f0010){ref-type="fig"}, preincubation of the cells with RosA offered a slight protection at high concentrations (IC~50~ \> 500 μM). Based on our previous findings that compounds bearing the ortho-dihydroxyl moiety were able to chelate labile iron and thereby to prevent H~2~O~2~-induced DNA damage [@bib4], [@bib5], we hypothesized that the low effectiveness of RosA emanated from its inability to penetrate through plasma membrane due to negatively charged carboxylic group. Indeed, esterification of RosA increased dramatically the protective capacity of RosA, as shown in [Fig. 2](#f0010){ref-type="fig"}**A** and **B**. The IC~50~s were estimated \~ 25 and \~ 12 μΜ for propyl ester and phenethyl ester, respectively. However, it was also observed that the protection offered by RosA-phenethyl ester was lost at the highest concentration used (500 μM). To comprehend the basis for this observation, we tested the effects of the same compounds on DNA integrity in the absence of exogenously added H~2~O~2~. As shown in [Fig. 2](#f0010){ref-type="fig"}**C**, RosA-phenethyl ester was genotoxic at this concentration, inducing DNA single strand breaks in the absence of H~2~O~2~. The molecular mechanism of RosA-phenethyl ester toxicity is not clear at present.Fig. 2*Protective effects offered by RosA-ester and RosA-amide derivatives against H*~*2*~*O*~*2*~*-induced DNA damage*. Jurkat cells in culture (1.5 × 10^6^ cells/ml) were pre-incubated for 20 min with the indicated concentrations (10, 50, 100, 250 and 500 μM) of RosA (black line) and RosA-propyl ester or RosA-propyl amide (red and blue lines, respectively) (A), or RosA, RosA-phenethyl ester or RA-phenethyl amide (black, red and blue lines, respectively) (B) and then exposed to an amount of glucose oxidase (0.6 μg/ml) able to generate about 10 μM H~2~O~2~ per minute. After 10 min of exposure to H~2~O~2~, cells were collected and analyzed for formation of single-strand breaks in their DNA by using the comet assay methodology. (C) Cells were treated with the tested compounds, as in (A) and (B), but were not exposed to H~2~O~2~. Formation of single-strand breaks in their DNA was measured by using the comet assay methodology. DNA damage was expressed in arbitrary units (a.u.), as described under Materials and Methods. Each point represents the mean ± SD of duplicate measurements in two separate experiments.Fig. 2

To evaluate the possibility that the drastic potentiation of RosA effects by its esterification was mediated by hydrolysis of the ester bond catalyzed by cellular non-specific esterases and subsequent accumulation of the generated RosA inside the cells, we synthesized the corresponding RosA amide analogues and tested them in the same experimental system. It was observed that amide derivatives of RosA were much more effective than the parent compound but less effective than the corresponding RosA esters concerning the prevention of H~2~O~2~-induced DNA damage (IC~50~ = about 75 and 45 μM for RosA-propyl and RosA-phenethyl amide, compared with \~25 and \~12 μΜ for the corresponding RosA esters) ([Fig. 2](#f0010){ref-type="fig"}**A** and **B**). Interestingly, in contrast to RosA-phenethyl ester, the RosA-phenethyl amide was not toxic at the concentration of 500 μM ([Fig. 2](#f0010){ref-type="fig"}**B** and **C**). In similar experiments, selective concentrations of the same compounds were tested by using other types of cell lines, like HepG2 liver cells or H1219 lung epithelial cells. Although these cells were generally more resistant than Jurkat cells against H~2~O~2~-induced damage, the protective effects offered by the tested RA-derivatives were qualitatively similar in all cell types (results not shown).

When the same experiments were performed at low temperature (0--4 °C) instead of 37 °C, the protective capacity offered by RosA ester and amide derivatives remained unchanged, while that of RosA (at concentration 1 mM) was completely lost ([Fig. 3](#f0015){ref-type="fig"}). This observation indicates different mechanisms of action for RosA and RosA derivatives. We suggest the latter to be able to diffuse passively through cell membranes, while the parent compound enters the cells through fluid phase endocytosis, in analogy with the known iron chelator desferrioxamin [@bib35].Fig. 3*Effects of temperature on the capacity of RosA and its phenethyl-ester and phenethyl-amide derivatives to protect cells from H~2~O~2~-induced DNA damage*. Jurkat cells (1.5 × 10^6^ cells/ml) were pre-incubated for 20 min with vehicle or the tested compounds at 37 °C or at 0 °C before exposure to continuously generated H~2~O~2~ through the addition of glucose oxidase (G.O.), as in [Fig. 2](#f0010){ref-type="fig"}. After 10 min, cells were collected and analyzed for formation of single-strand breaks in their DNA by using the comet assay methodology. Each point represents the mean ± SD of duplicate measurements in two different experiments. The sign \* indicates significant difference (p \< 0.05).Fig. 3

In order to directly evaluate the rate of cell uptake and the potential accumulation of the tested compounds, we estimated the level of each compound in the treated cells by using UHPLC-MS/MS technology. As shown in [Fig. 4](#f0020){ref-type="fig"}, the parent compound, RosA, was not taken up in significant amounts by the cells at the examined time points. In contrast, the uptake of both ester derivatives was rapid ([Fig. 4](#f0020){ref-type="fig"}**A** and **B**), reaching a peak at the first time point measured (5 min). Following, the amount of intracellular propyl ester increased slightly by the time while that of phenethyl ester decreased to about the 50% of the level observed at 5 min. Interestingly, the rate of uptake and the intracellular accumulation were substantially lower for amide derivatives compered to esters, especially at the earliest time point, suggesting differences in uptake and/or accumulation mechanisms.Fig. 4*Evaluation of cell uptake by using UHPLC-MS/MS.* Jurkat cells were seeded in 6-well plates at a density of 1.5 × 10^6^ cells/ml. The cells were treated with 50 μM of RosA, RosA-propyl ester or RosA-propyl amide (A), and RosA, RosA-phenethyl ester or RA-phenethyl amide (B) for the indicated time periods (5, 10, 20, 30 and 60 min). At the indicated time, cells were collected, rinsed twice with PBS, resuspended in ice-cold solution of ACN:dH~2~O (3:1 v/v) for cell lysis and protein precipitation and analyzed for the amount of the tested compounds by using UHPLC-MS/MS as described under Materials and Methods. Black, red and blue lines depict RosA, RosA-ester and RosA-amide derivatives, respectively. The values are expressed as the percentage of the tested amount detected in the cell samples compared to the total amount added in the cell culture medium. Each point represents the mean ± SD of duplicate measurements in two different experiments.Fig. 4

We next, tested whether RosA-ester and -amide derivatives were able to prevent cell apoptosis, which was initiated by exposure of Jurkat cells to a bolus addition of 250 μM H~2~O~2~. Seven hours after exposure, cell populations were analyzed by flow cytometry using annexin V and propidium iodide (PI) staining. As shown in [Fig. 5](#f0025){ref-type="fig"}, pretreatment of cells with RosA (5, 10, 20 and 50 μM) did not prevent H~2~O~2~-induced cell apoptosis, while cells pretreated with RosA-phenethyl ester were highly resistant against the same treatment. As in the case of DNA damage, RosA amides were less effective than the corresponding RosA esters, but exerted less cytotoxicity at higher concentrations ([Fig. 5](#f0025){ref-type="fig"}**A**--**C**). The IC~50~s for the protection offered by the RosA-phenethyl ester and RosA-phenethyl amide were \~ 7.5 and \~ 12 μΜ, respectively. Similar results were observed when cells were treated with RosA-propyl ester and RosA-propyl amide ([Fig. S5](#s0090){ref-type="sec"}A--C), except that the IC~50~s were \~ 9 and \~ 30 μM for RosA-propyl ester and RosA-propyl amide, respectively and the toxicity of RosA-propyl ester was lower than the corresponding phenethyl ester.Fig. 5*Protection against H*~*2*~*O*~*2*~*-induced apoptosis offered by RosA-phenethyl ester and RosA-phenethyl amide derivatives.* (A) Jurkat cells (1.5 × 10^6^ cells/ml) were incubated with 50 μM of the indicated compounds for 30 min before the addition of vehicle (upper panels) or 250 μΜ H~2~O~2~ (lower panels). Apoptotic cell death was evaluated 7 h later by flow cytometric analysis of Annexin-V binding cells (horizontal axis) and PI staining (vertical axis). (B) The experiments were performed as in (A), except that the indicated concentrations of the tested compounds (5, 10, 20, and 50 μΜ) were added into the culture medium 30 min before the addition of the H~2~O~2~. (C) Conditions were as in (A), except that H~2~O~2~-treatment was omitted. Quantification of apoptotic cells in (B) and (C) was performed by summing the counts of Annexin V-binding cells in Q4 (early apoptotic cells) plus Q2 (late apoptotic cells). Black, red and blue lines depict RosA, RosA-ester and RosA-amide derivatives, respectively. Bars represent the mean percentage of Annexin-V positive cells ± SEM from three independent experiments.Fig. 5

To further elucidate the molecular basis for the protection offered by RosA-ester and -amide derivatives, we used the calcein fluorescence methodology to examine the capacity of the tested compounds to modulate the level of intracellular labile iron. As shown in [Fig. 6](#f0030){ref-type="fig"}, treatment of the cells with 100 μM RosA for up to 20 min did not decrease significantly the level of intracellular labile iron pool. In contrast, both RosA-ester and RosA-amide derivatives at the same concentration were effective to reduce significantly the intracellular labile iron ([Fig. 6](#f0030){ref-type="fig"}**A** and **B**). In accordance with the DNA protection experiments, RosA-ester derivatives were more effective in reducing intracellular labile iron levels than the corresponding RosA-amide derivatives. As shown in [Fig. 6](#f0030){ref-type="fig"}**C**, the protection offered against H~2~O~2~-induced DNA damage correlated strongly with the capacity of RosA derivatives to decrease intracellular labile iron, indicating that RosA derivatives exert their cytoprotective effect by modulating the levels of intracellular labile iron.Fig. 6*Capacity of RosA-ester and RosA-amide derivatives to chelate intracellular labile iron.* The intracellular labile iron level in Jurkat cells was measured by using the calcein method, as described in Materials and Methods. RosA and its propyl (A) and phenethyl (B) ester and amide derivatives at the indicated concentrations were added directly into the cuvette of the fluorometer and the increase in fluorescence was monitored continuously. At the indicated time points (5, 10, 20 min), 11 μM SIH (a membrane-permeable and specific iron chelator) was added and any further fluorescence increase was recorded in order to estimate the percentage of iron still remaining bound to calcein. Black, red and blue lines depict RosA, RosA-ester and RosA-amide derivatives, respectively. The results are presented as the mean ± SEM from three independent experiments. (C) Correlation between the protection offered by RosA derivatives against H~2~O~2~-induced DNA damage, as estimated by the comet assay, and its ability to decrease intracellular labile iron (r = 0.975, p \< 0.001).Fig. 6

The modulation of intracellular labile iron levels by RosA-ester and -amide derivatives was further substantiated by examining the effects of RosA-phenethyl ester and RosA-phenethyl amide on ferritin heavy chain expression estimated by Western blotting. As shown in [Fig. 7](#f0035){ref-type="fig"}, exposure of Jurkat cells to 250 μM H~2~O~2~ induced a rapid elevation of ferritin heavy chain expression, as previously described [@bib2], [@bib3]. Pretreatment of the cells with 20 μM RosA did not exert any significant effect on ferritin increase ([Fig. 7](#f0035){ref-type="fig"}**A**), while RosA-phenethyl ester suppressed the ferritin elevation induced by H~2~O~2~ ([Fig. 7](#f0035){ref-type="fig"}**B**). In line with the results described above, RosA-phenethyl amide was less effective in suppressing H~2~O~2~-induced ferritin elevation compared to RosA-phenethyl ester ([Fig. 7](#f0035){ref-type="fig"}**C**).Fig. 7*RosA-phenethyl ester and RosA-phenethyl amide derivatives mitigate the elevation of ferritin heavy chain (FHC) expression, following exposure of cells to H~2~O~2~*. Jurkat cells (1.5 × 10^6^ cells/ml) were incubated with 20 μM of the tested compounds RosA, RosA-phenethyl ester and RosA-phenethyl amide (left side on the gel), with 250 μM H~2~O~2~ alone (middle), or with H~2~O~2~ plus the tested compound (right side of the gel) for deferent periods. At the indicated time points, cells were collected and total protein lysates were prepared as described in Materials and Methods. The expression of ferritin heavy chain (FHC) was estimated by Western blotting using an antibody that recognized the heavy chain of the protein. Quantification of band intensities is presented in the graphs at right side. Black, red and blue lines depict pretreatment of the cells with RosA, RosA-ester and RosA-amide derivatives, respectively. The results are presented as the mean ± SEM from three independent experiments, expressed as fold change relative to untreated control cells.Fig. 7

Taking together, the data presented in this work underline the profound effect exerted by the derivatization of RosA on its capacity to protect cells from damage induced under conditions of oxidative stress. Interestingly, the type of bond (ester or amide) exerted significant influence on both the degree of protection offered and the induced toxicity.

4. Discussion {#s0075}
=============

The main observations of this work were: (i) RosA-ester and -amide derivatives protected cells from H~2~O~2~-induced DNA damage and cell apoptosis much more effectively than the parent compound. (ii) The protective effects of the synthetic compounds were linked to their increased ability to diffuse through plasma membrane and to chelate labile iron inside cells. (iii) The RosA-ester derivatives were more effective compared to the corresponding RosA-amide ones in the prevention of both H~2~O~2~-induced DNA damage and cell apoptosis, but the latter exerted less cytotoxicity at higher concentrations. This apparent difference can be explained by the capacity of intracellular non-specific esterases to hydrolyze ester bonds, leading to accumulation of the generated RosA inside the cells, while hydrolysis of the amides, if it takes place at all, must be less effective.

Intracellular labile iron represents the main mediator of peroxide-induced unregulated oxidations in all basic cellular constituents, with serious consequences for many cellular functions [@bib1], [@bib36]. Thus, any agent that can modulate intracellular labile iron level also determines the degree of cellular damage in conditions of oxidative stress. Diet, and especially the Mediterranean type of it, contains a plethora of iron chelating components which represent potential modulators of oxidative stress-induced cellular damage. A significant number of plant derived natural compounds contained in diet are phenolic acids or contain a phenolic acid chemotype in their core. Among them, there are many that contain ortho-dihydroxy (catechol) groups in their structure and are able to chelate iron in this group. However, a prerequisite for the protective action of these components is to cross the biological membranes in order to access the cell interior. Most of these acids are unable to influence intracellular peroxide-induced oxidations, because they cannot diffuse through plasma membrane due to the negative charge present in their carboxylic group. Thus, treatment of the cells with high (non-physiological) concentration of RosA was required to observe a slight protection against H~2~O~2~-induced DNA damage ([Fig. 2](#f0010){ref-type="fig"}**A** and **B**). On the other hand, the hydrophobic RosA-ester and RosA-amide derivatives were significantly more effective in protecting cells under the same conditions. Obviously, this effect was based on their increased hydrophobicity, which allows them to diffuse through cell membranes.

Iron was selected during evolution as the main catalyst for biological redox reactions as indicated by its presence in the prosthetic groups of many proteins, either in the form of heme and iron-sulfur clusters or as simple iron atoms. However, when available in redox-active form, it can catalyze reactions that generate extremely reactive free radicals (Fenton-type reactions), able to attack and oxidize all basic cellular constituents [@bib1], [@bib37], [@bib38]. For this reason, organisms have developed sophisticated molecular mechanisms to tightly regulate iron homeostasis at both cellular and systemic level [@bib39]. Thus, the rapid increase of ferritin expression after exposure of cells to H~2~O~2~ ([Fig. 7](#f0035){ref-type="fig"}) represents a defense response of the cells, since it leads to diminished intracellular labile iron levels. This form of iron is believed to be loosely attached to cellular components at locations which contain oxygen, nitrogen or sulfur. It is obvious, that the positions in which labile iron is attached represent the main targets of the generated reactive free radicals in conditions of oxidative stress. Moreover, any agent that can modulate the intracellular level or the distribution of labile iron influences the points of unregulated oxidation in the case of increased oxidative stress. The emerging new general picture indicates that the catechol group-containing polyphenols of the diet can protect cells and organisms from uncontrolled oxidations by preventing the generation of reactive free radicals close to basic cell constituents. It has to be stressed, that this proposal is in contrast to the prevailing view that antioxidant bioactive compounds scavenge free radicals after their generation.

The observation that RosA derivatives were strong inhibitors of H~2~O~2~-induced apoptosis ([Fig. 5](#f0025){ref-type="fig"}) raises the question about the molecular mechanism(s) involved in this process. We recently reported that intracellular labile iron specifically modulates the prolonged phosphorylation of JNK and p-38 MAP kinases, which determine the decision of cells about survival or death [@bib2], [@bib3]. The exact point of iron intervention, however, is still missing and more investigation is needed to elucidate this particular point.

Diffusion and accumulation mechanisms of RosA and its ester- and amide-derivatives in cell are depicted schematically in [Fig. 8](#f0040){ref-type="fig"}. Different steps are indicated by numbers: (1) The negative charge in carboxilic group hinders the diffusion of RosA through cell membrane. (2) Lipophilic RosA-ester derivatives diffuse through the plasma membrane and are rapidly hydrolyzed by non-specific esterases inside the cells. The generated RosA is unable to exit the cells due to its charge, and thus, it is trapped and accumulated in the intracellular space. (3) Lipophilic RosA-amide derivatives diffuse through cell membrane, but they are not hydrolyzed (or are hydrolyzed slowly), providing sufficient time available to diffuse out of the cells again.Fig. 8*Schematic representation of diffusion and accumulation properties of RosA and its ester- and amide-derivatives*. (1) Diffusion of RosA through cell membrane is hindered, due to its negative charge in the carboxilic group. (2) Lipophilic RosA-ester derivatives diffuse easily through the plasma membrane. Inside the cells, they are hydrolyzed by non-specific esterases and the generated RosA is accumulated, because it cannot diffuse out. (3) Lipophilic RosA-amide derivatives diffuse also through cell membrane, but they are not hydrolyzed (or are hydrolyzed slowly). Thus, they have sufficient time available to diffuse out again. Both parent compound and its derivatives are able to chelate intracellular labile iron in their catechol groups when present inside the cells.Fig. 8

In conclusion, the results presented in this work highlight the importance of esterification or amidation of phenolic acids for their cell uptake and intracellular actions. It has to be noted, that phenolic acids are often present in nature as esters, combined with a variety of components, while their amide derivatives are less abundant in nature and more difficult to be identified and isolated. Thus, the latter have attracted less attention and have been studied less extensively. Indeed, much still has to be learnt about the role of derivatization of phenolic acids in their uptake, biotransformation, and tissue distribution profile. Moreover, since oxidative stress-induced and labile iron-mediated cell effects are implicated in molecular mechanisms related to serious diseases, specific lipophilic derivatives of phenolic acids may be used for the development of innovative nutraceutical strategies towards the maintenance of human health.
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